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Abstract 

A  multi- walled  carbon  nanotube  supported  hollow  PtRu  nanosphere  electrocatalysts  was  prepared  at  room  temperature  in  a  homogeneous  solution 
employing  cobalt  metal  nanoparticles  as  sacrificial  templates.  Transmission  electron  micrograph  (TEM)  measurements  showed  that  carbon  nanotube 
supported  PtRu  nanospheres  were  coreless  and  composed  of  discrete  PtRu  nanoparticles  with  the  crystallite  size  of  about  2.1  nm.  X-ray  diffraction 
(XRD)  results  showed  that  the  hollow  PtRu  nanospheres  had  a  face-centered  cubic  structure.  Electrochemical  measurements  demonstrated  that 
the  carbon  nanotube  supported  hollow  PtRu  nanosphere  electrocatalysts  exhibited  enhanced  electrocatalytic  performance  for  methanol  oxidation 
compared  with  carbon  nanotube  supported  solid  PtRu  nanoparticles  and  commercial  E-TEK  PtRu/C  (20  wt%)  catalysts,  which  is  crucial  for  anode 
electrocatalysis  in  direct  methanol  fuel  cells  (DMFCs). 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  have  attracted  much 
attention  as  power  sources  for  portable  electronic  devices 
because  they  are  superior  to  hydrogen/oxygen-type  fuel  cells 
in  terms  of  weight,  volume  energy  densities,  and  so  on.  How¬ 
ever,  the  further  development  of  DMFCs  faces  serious  problems 
such  as  low  activity  of  methanol  electrooxidation  catalysts  [1-3], 
methanol  crossover  [4-6]  from  the  anode  to  the  cathode,  carbon 
dioxide  gas  management,  water  management  [7],  and  so  on. 
Unlike  other  fuel  cells,  the  liquid  feed  DMFC  suffers  from  mass 
transport  limitations  predominantly  at  the  anode  due  to  the  low 
diffusion  coefficient  of  methanol  in  water  and  the  release  of  car¬ 
bon  dioxide  gas  bubble  [8].  A  methanol  concentration  gradient 
exists  within  the  thickness  of  the  catalyst  layer  and  results  in 
poor  utilization  of  the  catalyst.  In  addition,  a  methanol  diffusion 
limiting  current  is  found  in  DMFC  with  the  low  concentration 
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methanol  solution  [9] ,  which  inhibits  getting  high  power  density. 
Therefore,  the  conventional  anode  structure  based  on  the  gas  dif¬ 
fusion  electrodes  employed  in  proton  exchange  membrane  fuel 
cells  is  not  ideal  for  the  transport  of  the  methanol  and  carbon 
dioxide. 

Recently,  hollow  metal  nanoparticles  have  captured  the  atten¬ 
tion  of  researchers  [10,11].  The  increased  surface  area,  low 
density,  saving  of  material  and  concomitant  reduction  in  cost 
coupled  with  the  interesting  special  properties  of  such  struc¬ 
tures  have  potential  application  in  catalysis.  Some  supported 
[12]  and  unsupported  [13,14]  Pt-based  hollow  nanospheres  are 
prepared  and  exhibited  enhanced  electrocatalytic  performance 
for  methanol  oxidation.  It  is  well  known  that  the  supported  metal 
nanoparticles  show  a  higher  electrocatalytic  activity  and  uti¬ 
lization  efficiency  than  unsupported  metal  particles  because  of 
their  large  surface  area  on  the  supports  [15].  Zhao  et  al.  [12] 
reported  hollow  Pt  nanospheres  supported  on  the  carbon  Vul¬ 
can  XC-72  that  show  good  electrocatalytic  activity  for  methanol 
oxidation.  But  to  the  best  of  our  knowledge,  hollow  metal  cata¬ 
lysts  supported  on  the  carbon  nanotubes  (CNTs)  have  not  been 
reported. 
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In  this  paper,  we  synthesized  hollow  PtRu  nanospheres  sup¬ 
ported  on  multi- wall  carbon  nanotubes  (MWNTs).  The  prepared 
hollow  PtRu/MWNT  nanospheres  demonstrated  enhanced  elec- 
trocatalytic  activity  for  methanol  oxidation  in  comparison  to 
carbon  nanotube  supported  solid  PtRu  nanoparticle  electrocata¬ 
lysts  and  commercial  E-TEK  PtRu/C  (20  wt%)  catalysts,  which 
is  very  important  to  increase  the  utilization  of  catalysts  and 
improve  the  structure  of  the  catalyst  layer  of  the  direct  methanol 
fuel  cell. 

2.  Experimental 

2.1.  Preparation  of  PtRu/MWNT  composites 

Hollow  PtRu/MWNT  catalysts  (HN-PtRu/MWNT)  were 
prepared  by  a  two-step  method  described  in  detail  in  pre¬ 
vious  paper  [16].  In  a  typical  process,  a  HN-PtRu/MWNT 
catalyst  with  a  nominal  molar  Pt/Ru  ratio  of  1/1,  denoted 
as  Pt5oRu5o/MWNT,  was  prepared  as  follows.  Carbon  nan¬ 
otube  (48  mg)  was  pretreated  with  5  M  HC1  and  concentrated 
HNO3  solution  before  being  suspended  in  20  mL  of  deion¬ 
ized  water.  Hundred  milliliters  of  0.4  mM  C0CI26H2O  was 
mixed  with  0.4  mM  citric  acid  solution,  which  was  used  as 
a  stabilizer.  MWNT  supports  were  then  added  to  the  above 
solution,  sonicated  for  15  min.  Then  the  solution  was  purged 
with  N2  for  15  min.  A  freshly  prepared  solution  of  NaBH4 
(10  mg  in  20  mL  of  H2O)  was  added  drop  wise  into  the  above 
solution  under  vigorous  stirring  giving  rise  to  a  Co  hydrosol. 
The  Co  hydrosol  was  aged  for  1  h  to  decompose  the  residual 
NaBH4.  Afterwards,  Appropriate  amounts  of  H2PtCl6*6H20 
and  RUCI3  aqueous  solutions  were  added  drop  wise  under  vig¬ 
orous  stirring,  during  which  high  purity  argon  gas  was  passed 
through  the  reaction  system  to  remove  the  dissolved  oxygen. 
After  30  min,  the  product  is  collected  by  centrifugation,  washed 
several  times  with  H2O  and  ethanol,  the  obtained  catalyst 
was  dried  in  a  vacuum  oven  at  70  °C  overnight  and  then  the 
hollow  PtRu/MWNT  (20wt%  PtRu)  catalysts  were  obtained. 
For  comparison,  PtsoRuso/MWNT  nanoparticle  catalysts  (SN- 
PtRu/MWNT)  were  also  obtained  directly  by  co-reducing  the 
Pt  and  Ru  precursors  in  a  carbon  nanotube  suspension  using  the 
drop  wise  addition  of  NaBH4  at  room  temperature  with  stirring. 


2.2.  Measurement 

Electrochemical  reactivity  of  the  catalysts  was  measured  by 
cyclic  voltammetry  (C  V)  using  a  three-electrode  cell  at  the  PAR- 
STAT  2273  potentiostat  controlled  by  PowerSuite®  software 
(Princeton  Applied  Research).  The  working  electrode  was  a  gold 
plate  covered  with  a  thin  layer  of  Nation-impregnated  catalyst. 
As  a  typical  process,  the  catalyst  ink  was  prepared  by  ultra- 
sonically  dispersed  about  1  mg  catalyst  in  the  25  p,L  mixture 
of  Nation  solution  (20%  Nation  and  80%  ethylene  glycol)  for 
30  min.  After  casting  the  catalysts  ink  onto  a  polished  planar 
gold  patch  (1.0  cm  x  1.0  cm),  the  electrodes  were  air-dried  at 
80  °C  for  1  h.  Pt  gauze  and  a  saturated  calomel  electrode  (SCE) 
were  used  as  counter  electrode  and  reference  electrode,  respec¬ 
tively.  All  potentials  in  this  report  are  quoted  versus  SCE.  Cycle 
voltammetry  (CV)  test  was  conducted  at  50  mV  s-1  in  a  solu¬ 
tion  of  1  M  HCIO4  with  1  M  CH3OH,  potential  ranging  from 
—0.2  to  1 .0  V.  CO  stripping  experiments  were  performed  as  fol¬ 
lows:  after  purging  the  solution  with  N2  gas  for  20  min,  gaseous 
CO  was  bubbled  for  20  min  to  allow  adsorption  of  CO  onto  the 
electro-catalysts  while  maintaining  a  constant  voltage  of  0.1  V 
versus  SCE.  Excess  CO  dissolved  in  solution  was  purged  out 
with  N2  for  20  min  and  CO  stripping  voltammetry  was  recorded 
in  1  M  HCIO4  solution  at  a  scan  rate  of  20  mV  s-1 .  The  electro¬ 
chemical  measurements  were  conducted  under  25  °C. 

The  morphology  of  PtRu/MWNT  composites  were  inves¬ 
tigated  using  transmission  electron  microscopy  (TEM,  JEOL 
model  JEM-2011)  operated  at  200  keV  and  equipped  with  an 
energy-dispersive  spectrometer  (EDS).  The  X-ray  diffraction 
(XRD)  analysis  was  performed  using  the  Rigaku  X-ray  diffrac¬ 
tometer  with  Cu  Ka  radiation  source. 

3.  Results  and  discussion 

3.1.  TEM  analysis  and  elemental  composition  of  the 
HN-PtRu/MWNT  composites 

Transmission  electron  microscope  (TEM)  images  of  the  HN- 
PtRu/MWNT  catalysts  are  shown  in  Fig.  1 .  The  reaction  appears 
to  form  hollow  spheres  with  average  diameters  of  10-20  nm. 
The  individual  PtRu  nanospheres  are  consistent  with  a  hollow 


Fig.  1.  TEM  image  of  HN-PtRu/MWNT  composites. 
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Fig.  2.  EDS  spectrum  of  HN-PtRu/MWNT  composites. 

structure.  Another  feature  is  that  the  shell  is  incomplete  and 
porous,  not  solid.  The  shells  of  the  PtRu  hollow  nanospheres 
seem  to  be  rough  and  consist  of  discrete  small  PtRu  nanoparti¬ 
cles.  This  feature  endows  the  hollow  PtRu  nanospheres  with  a 
high  active  surface  area.  Energy-dispersive  X-ray  spectroscopy 
data  for  many  spheres  indicate  that  the  hollow  spheres  contain 
both  Pt  and  Ru  and  confirm  an  average  stoichiometry  of  PtsoRuso 
(Fig.  2). 

3.2.  XRD  analysis  of  HN-PtRu/MWNT  composites 

The  XRD  patterns  of  the  HN-PtRu/MWNT  composites 
described  above  are  shown  in  Fig.  3,  together  with  the  patterns 
of  the  SN-PtRu/MWNT  composites.  The  formation  of  sharp 
diffraction  peaks  (0  0  2)  around  a  20  value  at  26.2°  indicate  the 
crystalline  nature  of  graphitic  structure  of  the  MWNTs.  Clearly, 
the  PtRu  composites  displayed  the  similar  characteristic  patterns 
of  Pt(0)  face-centered  cubic  (fee)  diffraction,  and  no  patterns  of 


ites. 


the  Pt  and/or  Ru  oxides  were  detectable.  This  means  that  the 
precursor  mainly  converted  into  metallic  PtRu.  The  breadth  of 
the  XRD  peaks  also  indicated  that  small  PtRu  crystallites  were 
obtained.  The  average  particle  sizes  of  the  catalysts  were  cal¬ 
culated  from  broadening  of  the  (2  2  0)  diffraction  peaks  using 
Scherrer’s  equation;  and  they  are  found  to  be  in  the  range  of  2. 1 
and  2.8  nm,  respectively,  for  hollow  PtRu  nanospheres  and  solid 
PtRu  nanoparticles.  These  results  also  show  that  the  hollow  PtRu 
nanospheres  consist  of  small  PtRu  nanoparticles  consistent  with 
the  TEM  results. 

3.3.  Electrochemical  properties  of  HN-PtRu/MWNT 
composites 

The  electrocatalytic  activity  of  the  HN-PtRu/MWNT  com¬ 
posites  toward  the  oxidation  of  methanol  was  tested  and  the 
results  were  compared  with  those  obtained  on  SN-PtRu/MWNT 
composites  and  commercial  PtRu/C  catalysts.  The  measure¬ 
ments  were  carried  out  in  a  1 M  HCIO4  aqueous  solution 
containing  1.0  M  methanol  shown  in  Fig.  4.  Although  all 
samples  show  catalytic  activities  toward  the  methanol  oxi¬ 
dation,  the  peak  currents  catalyzed  by  the  HN-PtRu/MWNT 
nanospheres  are  much  larger  than  those  for  SN-PtRu/MWNT 
composites  and  commercial  E-TEK  PtRu/C  catalysts  due  to 
the  ideal  surface  structure  for  methanol  adsorption  on  the  cat¬ 
alyst  surface.  The  remarkably  high  oxidation  current  for  the 
hollow- sphere  catalysts  is  directly  related  to  the  high  sur¬ 
face  area.  Since  PtRu  hollow  nanospheres  are  coreless,  a 
larger  number  of  PtRu  nanospheres  were  obtained  relative  to 
that  found  with  the  same  loading  of  solid  PtRu  nanoparti¬ 
cles.  Theoretically,  the  curvature  radii  of  the  inner  surface  of 
PtRu  hollow  structure  are  smaller  than  that  of  the  outer  sur¬ 
face,  so  the  inner  surface  should  have  much  higher  activity 
than  the  outer  surface.  This  is  another  reason  that  the  cat¬ 
alytic  activity  of  PtRu  nanosphere  for  methanol  oxidation  is 
much  higher.  Another  feature  is  that  the  potential  for  methanol 
oxidation  in  the  forward  scan  on  HN-PtRu/MWNT  and  SN- 
PtRu/MWNT  is  the  almost  the  same  as  0.63  V,  much  lower 
than  that  on  commercial  PtRu/C  catalysts  as  0.70  V.  This  indi- 


Fig.  4.  Cyclic  voltammograms  of  1 M  CH3OH  in  1 M  HCIO4  at  HN- 
PtRu/MWNT  (1),  SN-PtRu/MWNT  (2)  and  PtRu/C  (3).  Scan  rate:  50  mV  s“‘ . 
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Fig .  5 .  Chronoamperometry  curves  for  HN -PtRu/MWNT  ( 1 ) ,  SN-PtRu/MWNT 
(2)  and  PtRu/C  (3)  in  1  M  HCIO4  +  1  M  CH3OH  at  0.45  V. 

cates  that  the  PtRu  nanoparticles  supported  on  MWNT  are  able 
to  significantly  reduce  the  overpotential  in  methanol  oxida¬ 
tion. 

Another  method  to  benchmark  the  catalyst  performance  is 
to  compare  the  ratio  of  peak  current  associated  with  the  anodic 
peaks  in  the  forward  (If)  and  reverse  (If)  scans  [17].  Such  a 
ratio  has  been  used  to  infer  the  CO  tolerance  of  the  catalysts 
[18].  A  lower  If /If,  value  indicates  poor  oxidation  of  methanol 
to  CO  during  the  anodic  scan  and  excessive  accumulation  of 
residual  carbon  species  on  the  catalyst  surface.  Hence,  a  higher 
If /If  value  is  indicative  of  improved  CO  tolerance.  The  If /If  value 
of  the  HN-PtRu/MWNT  catalysts  is  5.8,  higher  than  that  of  SN- 
PtRu/MWNT  catalysts  having  a  value  of  2.9,  and  commercial 
E-TEK  PtRu/C  catalysts  having  a  value  of  2.3,  indicating  the 
best  CO  resistance. 

In  order  to  compare  the  performance  of  the  HN-PtRu/MWNT 
catalysts  towards  the  methanol  oxidation  reaction,  we  conducted 
chronoamperometry  tests  in  1.0  M  HCIO4  solution  containing 
1  M  methanol  at  0.45  V  for  3600  s,  as  shown  in  Fig.  5.  In  the  ini¬ 
tial  period  of  time,  the  potentio static  current  decreases  rapidly 
for  both  the  PtRu  catalysts,  perhaps  due  to  the  formation  of  inter¬ 
mediate  species,  such  as  COads,  CH30Hads,  and  CHOads  during 
the  methanol  oxidation  reaction  [19].  After  long  time  operation, 
although  the  current  is  gradually  decayed  for  both  the  cata¬ 
lysts,  but  the  initial  and  limiting  currents  of  HN-PtRu/MWNT 
composites  keep  higher  than  those  of  the  other  two  composites 
throughout  all  the  ranges  up  to  3600  s,  indicating  that  the  former 
is  more  active  than  the  latter  for  methanol  electro-oxidation,  as 
is  consistent  with  the  CV  results. 

Since  CO  species  are  the  main  poisoning  intermediate,  a  good 
catalyst  for  methanol  electro-oxidation  should  possess  excel¬ 
lent  CO  electro-oxidizing  ability,  which  can  be  reflected  from 
CO  stripping  test.  We  compared  the  three  catalysts  in  terms  of 
CO  eliminating  ability.  The  CO  stripping  voltammogram  curves 
were  shown  in  Fig.  6.  For  both  catalysts,  a  broad  peak  appears 
during  the  first  scan  and  disappears  in  the  subsequent  scan,  indi¬ 
cating  that  the  adsorbed  CO  is  completely  oxidized  during  the 
first  forward  scan.  But  significant  differences  in  the  onset  poten¬ 
tial  and  peak  potential  for  CO  oxidation  between  the  catalysts 


£/V(vs.SCE) 


Fig.  6.  CO  stripping  curves  for  HN-PtRu/MWNT,  SN-PtRu/MWNT  and  PtRu/C 
in  1  M  HCIO4. 


can  be  observed.  The  onset  potential  of  CO  oxidation  on  HN- 
PtRu/MWNTs  was  at  0.26  V,  which  was  about  10  mV  lower 
than  that  measured  on  SN-PtRu/MWNTs  and  70  mV  lower  for 
E-TEK  PtRu/C  catalysts,  thus  illustrating  the  beneficial  role  of 
hollow  spheres  for  CO  oxidation.  The  peak  potential  of  CO  oxi¬ 
dation  in  the  forward  scan  on  HN-PtRu/MWNTs  was  0.34  V, 
which  decreased  to  0.09  V  and  0. 12  V  compared  with  0.43  V  for 
SN-PtRu/MWNTs  and  0.46  V  for  E-TEK  PtRu/C,  respectively. 
These  facts  show  that  the  HN-PtRu/MWNT  catalysts  possess  a 
good  electrocatalytic  activity  for  CO  oxidation.  According  to  the 
previous  works  [20,21  ] ,  the  Ru  sites  at  the  PtRu  boundaries  facil¬ 
itate  the  nucleation  of  oxygen-containing  species,  thus  oxidizing 
the  adsorbed  CO  at  a  lower  electrode  potential,  and  the  maximum 
activity  towards  CO  oxidation  is  achieved  when  the  number 
of  PtRu  neighbours  is  maximized  resulting  in  more  nucleation 
sites.  For  HN-PtRu/MWNT  nanospheres,  the  PtRu  can  be  well 
neighboured  during  the  Pt  and  Ru  co-formation  reduced  by  the 
Co  nanoparticles,  a  well  distributed  rather  than  aggregated  PtRu 
nanoparticle  array  can  be  achieved.  So  the  HN-PtRu/MWNT 
can  significantly  shift  the  peak  potential  and  the  onset  potential 
of  CO  oxidation  to  a  lower  electrode  potential  compared  with 
the  SN-PtRu/MWNT  and  the  commercial  PtRu/C  catalysts. 


4.  Conclusion 

A  facile  procedure  for  the  large-scale  synthesis  of  PtRu 
hollow  nanosphere  catalysts  supported  on  the  MWNTs  was 
developed.  The  catalysts  can  be  simply  prepared  at  room  tem¬ 
perature  in  a  homogeneous  solution  with  Co  nanoparticles 
as  sacrificial  templates.  The  incomplete  and  porous  shells  of 
the  PtRu  hollow  nanospheres  have  a  higher  surface  area  and, 
therefore,  exhibit  a  superior  electrocatalytic  activity  toward 
the  methanol  oxidation  reaction  compared  to  the  solid  PtRu 
nanoparticle  catalysts  and  commercial  E-TEK  PtRu/C  catalysts. 
These  metallic  hollow  nanospheres  could  be  useful  in  fuel  cell. 
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